Intermittent membrane aeration provides a substantially improved energy efficiency in hollow fibre-based immersed membrane bioreactors (HF iMBRs). The benefits of intermittent aeration have been assessed with respect to sustaining a target flux and/or limiting the fouling rate to a sustainable level based on a small plant using full-scale HF modules. Results show that for the same specific aeration demand per unit of permeate produced (SAD p ), fouling rates were significantly lower for 10 s filtration, 30 s relaxation (''10:30'' intermittent aeration) compared to 10:10 and continuous aeration. At a net flux (J net ) of 23.3 litres m À2 h À1 (LMH), a SAD p of 4.6 was found sufficient to sustain operation, this value being up to 75% and 50% lower compared to continuous and 10:10 aeration respectively. This empirical data was compared with heuristic data from 5 large scale HF iMBR plants, which revealed that 10:30 aeration can sustain a relatively high flux (up to 25.3 LMH) under dry weather conditions in warm climates, with the recorded SAD p ranging from 5.3-10.9.
INTRODUCTION
Membrane bioreactors (MBR) are now well established for treating wastewaters to provide a high effluent quality whilst incurring a low footprint, but are nonetheless limited by the high energy demand incurred by aeration (Verrecht et al. 2008; . Aeration, required both for the biological process and for membrane scouring, can contribute significantly to operating costs, along with other process facets intended to maintain membrane permeability such as chemical and physical cleaning and membrane replacement (Verrecht et al. 2010b) . However, it is aeration which provides the primary adjustable parameter for reducing energy demand and has formed the focus of a number of studies at demonstration and/or full scale (Garcés et al. 2007; Pawloski et al. 2008; Tao et al. 2009; Verrecht et al. 2010a) .
Several studies have focused on the impact of aeration on critical (J crit ) or sustainable flux (J sust ). Based on experiments on a large pilot scale HF MBR, Guglielmi et al. (2007) reported an increase in J crit with increasing membrane aeration up to a certain membrane area specific aeration demand (SAD m ) threshold value (between 0.3-0.5 Nm 3 .h À1 per m À2 membrane area), above which no further increase in J crit is observed, corroborating results obtained by other authors for flat sheet (Ueda et al. 1997; Ndinisa et al. 2006; Guglielmi et al. 2008 ) and tubular modules (Le Clech et al. 2003a) . These data all indicate that membrane aeration energy demand can be reduced through adjusting membrane aeration proportional to flux. Moreover, Meng et al. (2008) report that both small and large aeration intensities have a negative impact on permeability; low aeration intensities do not effectively remove membrane foulants, leading to build up of a cake layer, whilst excessive aeration intensities break up the sludge flocs which increase pore blocking. This suggests a possible decrease in J sust above a threshold aeration intensity.
One of the main improvements in energy consumption for HF membranes has been the introduction of intermittent aeration, specifically by limiting aeration for 10s every 20s (''10:10'' aeration) or every 40s (''10:30'' aeration), as patented by GE Zenon (2007) . However, published research in this area is limited, and is focused primarily at laboratory and pilot scale. Jiang et al. (2005) studied the impact of different aeration cycles on MBR fouling with real municipal wastewater and a ZeeWeed 500C module on the pilot scale. Over a 5 week study at a flux of 30 LMH and a temperature of 17-181C, the reported filtration resistance increased by 42.6% on changing the aeration frequency from 10:10 (SAD m ¼ 0.42) to 10:30 (SAD m ¼ 0.21) and a further 9.5% when changing to 10:60 aeration (SAD m ¼ 0.14). Mansell et al. (2006) studied the fouling rate increase with flux at different aeration frequencies (10:10 and 10:30) over a 7 month period. At a mean temperature of 231C and a flux of 20.4 LMH and 10:10 aeration at a SAD m of 0.36, fouling was insignificant over a two month period, while fouling rates of approximately 0.18 and 0.66 LMH.bar À1 .h À1 were measured at fluxes of 25.5 and 30.6 LMH respectively. Under 10:30 aeration conditions and a SAD m of 0.18, the fouling rates were 0.66 and 1.32 LMH.bar À1 .h À1 respectively at a flux of 17.7 and 20.4 LMH. However, in both the above studies both the intermittency of the aeration and the aeration demand were varied, SAD m decreasing with intermittency. Contrary to these findings, Monclù s et al. (2010) identified a critical specific aeration demand (SAD m,crit ) on a pilot scale HF MBR of 0.19 vs 0.06 Nm 3 .m À2 .h À1 under 10:10 and continuous aeration respectively at the same flux.
It is clearly necessary to uncouple aeration intermittency and demand and establish the relative impact of each of these parameters under comparable conditions on a representative system, i.e. based on a full-sized membrane module. This can be achieved through comparing fouling rates, i.e. the rate of increase in transmembrane pressure (TMP) with time for different aeration regimes, under conditions of:
(a) different SAD m values for continuous aeration, and (b) constant SAD m values at aeration intermittencies of 50% (10:10 aeration) and 25% (10:30 aeration).
Results from an empirical study are presented and compared with data from heuristic data from five established, large, full-scale HF MBRs.
MATERIALS AND METHODS

Plant description
A small full-scale MBR is located at a sustainable development in South London and produces an average reclaimed water flow of 25 m 3 ?d À1 for toilet flushing and irrigation ( Figure 1 ). Domestic wastewater from the residences is collected via a pumping station and septic tanks, which provide buffering volume and primary settling. Influent from the septic tanks flows through 3 mm screens to the MBR, which contains both anoxic (10.1 m 3 ) and aerobic zones (12.5 m 3 ) for nitrification and denitrification respectively. The membrane separation step is provided by 2 Â 3 ZW500c (GE Zenon, Canada) membrane modules of 139.2 m 2 total membrane surface area, submerged in the
Pre-treatment
Post-treatment Anoxic zone Aerobic zone aerobic zone. More detailed information about the plant and its performance can be found in Verrecht et al. (2010a) .
Experimental procedure for gathering of empirical data
Empirical data regarding the impact of aeration on sustainable permeability was gathered over a three month period. Increased fluxes were achieved by taking one membrane cassette out of operation, resulting in a reduction in effective membrane surface area to from 139.2 to 69.6 m 2 . Table 1 provides an overview of the plant operating conditions over the experimental period, according to the following protocol:
Prior to the start of an experiment, the membranes were relaxed for a minimum of one hour followed by a backflush at a J net of 23.3 LMH for a duration of 5 minutes. The desired J net and membrane aeration, in terms of specific aeration demand (SAD m in Nm 3 .m À2 .h À1 ) were set. Membrane aeration was either continuous, intermittent 10'' on -10'' off (10:10 aeration), or intermittent 10'' on -30'' off (10:30 aeration). When operating with intermittent aeration, the air was diverted away from the adjacent unused membrane cassette during the 'off' periods to ensure that no interference occurred from aeration of the nearby cassette. The trial duration was either of 6 hours duration or until the permeability K (LMH bar À1 ) had declined to below 60 LMH.bar À1 . After each experiment, membrane aeration was increased to 75 Nm 3 .h À1 (SAD m ¼ 1.25 Nm 3 .m À2 .h À1 ) overnight to remove potential cake layer build up on the membrane surface, and the flux was set at a J net of 17.2 LMH. These standard conditions were maintained overnight to return the initial membrane permeability to a target value of 94.4 þ /À 2.2 LMH/bar.
Experiments were carried out at three different net fluxes (J net of 23.3, 16.2 and 11.3 LMH), while membrane aeration ranged from a SAD m of 0.02 to 0.56 Nm 3 .m À2 .h À1 for continuous aeration conditions, and from 0.05 to 0.22 Nm 3 .m À2 . h À1 for intermittent aeration. Following each set of experiments at a certain J net , a maintenance clean (cleaning-in-place; CIP) was carried out by backflushing with 500 ppm NaOCl to maintain the initial permeability at around 98.6 þ /À 2.1 LMH.bar À1 before conducting the next series of experiments, corresponding to chemical cleaning roughly every two weeks.
The MLSS concentration was measured daily according to standard methods (APHA 2005), and capillary suction time (CST) was measured twice weekly using a Triton 304B CST analyser (Triton Electronics Ltd., UK). Measurements for both CST and MLSS were carried out in duplicate, with daily values generally within 5% of each other, and an average was taken (Table 1) . The wastewater strength, as determined by standard methods, was high (Table 2) , as the MBR was fed with domestic wastewater without rainwater dilution from dwellings with average water consumption of 80-100 l capita À1 .d À1 . Effluent quality (Table 2) was consistently high and in line with widely reported values for MBR . The developed sludge was readily filterable and of consistent quality, according to the CST data (Table 1) .
Data processing
An average value for the permeability K (temperature corrected to 201C) of each ten minute filtration cycle was determined for the duration of the experiments (Le Clech et al. 2003a) . A polynomial curve was fitted to the 
RESULTS AND DISCUSSION
Empirical data: benefits of intermittent aeration Figure 2 shows the permeability profile vs time for a net flux J net of 23.3 LMH and three different aeration modes: continuous, 10:10 and 10:30, at the same overall SAD m of 0.11 Nm 3 m À2 h À1 . The permeability decline rate decreased from 19.3 LMH bar À1 h À1 for continuous aeration to 5.45 and 0.33 at 10:10 and 10:30 aeration respectively. More vigorous aeration at shorter time periods is thus more effective in maintaining permeability than continuous aeration at a lower air flow rates. In all cases the permeate volume-normalised membrane aeration demand (SAD p ) was 4.6 Nm 3 air per m 3 of permeate; SAD p , the ratio of SAD m to flux, is directly proportional to specific energy demand in kWh/m 3 . The correlation of overall permeability decline rate DK/Dt with SAD p for the three aeration modes is provided in Figure 3 for a net flux J net of 23.3 LMH. This figure indicates the permeability decline rate decreases roughly exponentially with SAD p . The figure also shows that the target maximum permeability decline rate of 0.48 LMH bar À1 h À1 is achieved at the lowest SAD p value of 4.6 for 10:30 aeration, whereas this is clearly not the case for 10:10 or continuous aeration. For the latter, the most extensively tested aeration mode, the required SAD p value appears to be around 21 -at least four times higher than the aeration demand for 10:30 aeration. For 10:10 aeration the threshold value is indeterminate but is between 4.6 and 9.2, and evidently closer to the upper limit.
A correlation of DK/Dt against J net at constant SAD m (Figure 4) indicates a linear dependency for all three aeration modes. According to this figure, the fouling rate for continuous aeration is 16-60 times higher than that for 10:30 aeration over fluxes of 11-24 LMH; the benefit of intermittent aeration becomes more significant as flux increases. In previous studies of immersed HF MBRs by Garcès et al. (2007) and Manser et al. (2006) unsustainable permeability declines for 10:30 aeration were reported at some threshold flux value. A fairly modest permeability decline rate of 0.51 LMH.bar À1 .h À1 at an unusually high J net value of 34 LMH and a SAD m of 0.187 was reported by Garcès et al. (2007), compared to a higher value decline rate of 0.66 LMH.bar À1 .h À1 at a SAD m of 0.18 and a much lower J net of 17.7 LMH recorded by Manser et al. (2007) . There is thus significant variation in fouling propensity between studies, presumably because of the nature of the sludge generated.
The results from the trials are generally in keeping with more recently reported industrial practice regarding intermittent aeration (Pawloski et al. 2008; Tao et al. 2009 ). Since membrane aeration energy generally accounts for 30-50% of the total plant energy demand depending on plant utilisation (Garcès et al. 2007; Verrecht et al. 2008 Verrecht et al. , 2010b , minimising membrane aeration clearly has the largest single impact on total plant energy costs. Pawloski et al. (2008) reported a reduction of 5% in the total plant energy bill for a 12 MLD MBR when changing from 10:10 to 10:30 aeration under average daily flow (ADF) conditions without compromising hydraulic performance. Garcès et al. (2007) reported a decrease in membrane aeration requirements of 35% when using 10:30 aeration under low flow conditions, which could result in a reduction in total plant energy demand of up to 10.2%, while Mansell et al. (2006) estimated that total plant power requirements could decrease by 20% on switching from 10:10 to 10:30 aeration.
Comparison with heuristic data from 5 large scale HF MBRs Heuristic data obtained from 5 large (420,000 m 3 /d average daily flow) full-scale HF MBRs (Table 3) indicate that a SAD p of 10.6-16.7 is required at peak flows using 10:10 aeration and 5.3-10.9 at dry-weather flows using 10:30 aeration. 10:30 aeration protocols are already in use at large scale plants and can apparently sustain a relatively high flux (up to 25.3 LMH) under the appropriately benign conditions of temperature and sludge quality . The lowest required SAD p values (5.3 and 5.5) are obtained for MBR plants that operate in a hybrid configuration with a conventional activated sludge plant (Plant B and Plant C) . These plants are designed to run at relatively high and stable average fluxes (and thus lower SAD p ), since they treat a constant daily flow and are thus not subject to influent flow variations. Figure 5 summarises all available data from demonstration/full scale plant, including the data from Mansell et al. (2006) and Garcès et al. (2007) , for 10:10 and 10:30 aeration. The empirical SAD m values obtained in the empirical study at J net of 23.3 LMH for both 10:10 and 10:30 operation are slightly lower than values reported for full scale plants, possibly due to interference from the biological aeration in the aerobic zone. Moreover, the assumption of a sustainable flux is based on six hours of permeability decline data. Notwithstanding this, it appears to be generally the case that intermittent aeration may be employed, reducing SAD m , without detriment to flux sustainability. 44% of the data points lie in a range of mean net flux values between 
CONCLUSIONS
An empirical study into the effects of intermittent aeration on the rate of permeability on a small full-scale HF MBR has revealed:
The use of 10:10 or 10:30 intermittent aeration results in lower fouling rates when compared to continuous aeration when working under the same overall airflow rate. A lower SAD p is required for sustainable operation, with associated membrane aeration energy savings of up to 75% when comparing 10:30 to continuous aeration, with no significant impact on fouling rate. A flux of 23.3 LMH under conditions of 10:30 aeration was sustained at a SAD p as low as 4.6. These findings are corroborated by recent industrial practice. Heuristic data across five large scale HF MBRs show that a SAD p of 10.6-16.7 is required at peak flows using 10:10 aeration and 5.3-10.9 at dry-weather flows using 10:30 aeration. 10:30 aeration can apparently sustain a relatively high flux (up to 25.3 LMH). There remains a need to establish the relationship between the attainable net flux and the aeration demand under increasingly intermittent aeration conditions, i.e. for aeration at o25% of the filtration time. Whilst the lower fluxes attainable would increase capital costs, this would almost certainly be offset by the lower operating costs over the plant lifetime. 
